Dominant mutations of Gata4, an essential cardiogenic transcription factor (TF), cause 33 outflow tract (OFT) defects in both human and mouse. We investigated the molecular 34 mechanism underlying this requirement. Gata4 happloinsufficiency in mice caused OFT 35 defects including double outlet right ventricle (DORV) and conal ventricular septum 36 defects (VSDs). We found that Gata4 is required within Hedgehog (Hh)-receiving second 37 heart field (SHF) progenitors for normal OFT alignment. Increased Pten-mediated cell-38 cycle transition, rescued atrial septal defects but not OFT defects in Gata4 heterozygotes. 39 SHF Hh-receiving cells failed to migrate properly into the proximal OFT cushion in Gata4 40 heterozygote embryos. We find that Hh signaling and Gata4 genetically interact for OFT 41 development. Gata4 and Smo double heterozygotes displayed more severe OFT 42 abnormalities including persistent truncus arteriosus (PTA) whereas restoration of 43 Hedgehog signaling rescued OFT defects in Gata4-mutant mice. In addition, enhanced 44 expression of the Gata6 was observed in the SHF of the Gata4 heterozygotes. These 45 results suggested a SHF regulatory network comprising of Gata4, Gata6 and Hh-signaling 46 for OFT development. This study indicates that Gata4 potentiation of Hh signaling is a 47 general feature of Gata4-mediated cardiac morphogenesis and provides a model for the 48 molecular basis of CHD caused by dominant transcription factor mutations.
8 142 myocardium. Normal OFT alignment was observed in all Tnt Cre/+ ; Gata4 fl/+ (12/12) and 143 littermate control Gata4 fl/+ embryos (9/9) at E13.5 (P=1) (Figs. 2E and E' vs. 2D and D', 144 P=1). We combined Wnt1: Cre [53, 54] with Gata4 fl/+ create Gata4 haploinsufficiency in 145 the CNC. Normal OFT alignment was observed in all Wnt1 Cre/+ ; Gata4 fl/+ mutant embryos 146 (24/24) and littermate control Gata4 fl/+ embryos (16/16) at E13.5 (Figs. 2F and F' vs. 2D 147 and D', P=1). We combined Nfat1c: Cre [53, 54] with Gata4 fl/+ create Gata4 148 haploinsufficiency in the endocardium. Normal OFT alignment was observed in nearly all 149 Nfatc1 Cre/+ ; Gata4 fl/+ mutant embryos (14/15) and littermate control Gata4 fl/+ embryos 150 (10/10) at E13.5 (Figs. 2G and G' vs. 2D and D', P=1) . These results demonstrated that 151 Gata4 haploinsufficiency in the myocardium, CNC or endocardium supported normal OFT 152 alignment.
153
Gata4 is required in the SHF Hedgehog (Hh) signal-receiving progenitors for OFT 154 alignment. 155 We hypothesized that Gata4 is required in the aSHF for OFT alignment in aSHF-156 specific Gata4 heterozygous mice. We tested this hypothesis by combining Mef2cAHF: 157 Cre with Gata4 fl/+ . Surprisingly, OFT misalignment with DORV was only observed in 1 out 158 of 22 embryos and none in the littermate controls (Fig. 2I and I' vs. 2H and H', P=1) . We 159 next tested if Gata4 is required in the pSHF for OFT alignment in in pSHF-160 specific Gata4 heterozygous mice by crossing Osr1 CreERT2/+ [46, 47] Gata4 regulates cell proliferation in the OFT conal cushion 190 We wonder if Gata4 is required for proliferation during the OFT cushion displayed DORV with an incidence rate unchanged from Gli1 Cre-ERT2/+ ;Gata4 fl/+ embryos 212 ( Fig. 5E vs. 5F, 12/29 vs. 6/20, Table 1 , P = 0.5495). This data suggested to us that 213 correction of the SHF proliferation defects was not able to rescue the OFT misalignment 214 of the Gata4 mutant embryos.
215
Gata4 acts upstream of Hh signaling in OFT development. 216 We have previously reported that Gata4 acts upstream of Hh-signaling for atrial Table 1 ).
240
This results demonstrated rescue of DORV in Gata4-mutant embryos by constitutive Hh 241 signaling.
242
Gata4 is required for the contribution of Hh-receiving cells to the OFT. 243 Hh signaling has been reported to regulate the migration of SHF Hh-receiving cells 244 toward the arterial pole of the heart [45] . We therefore hypothesized that Gata4 is required 245 for the SHF Hh-receiving cells migration toward the developing OFT. We tested this 7E and 7H, 49.7 ± 9.6 vs. 26.7 ± 6.7, P=0.097) and the distal half of the OFT (Fig.7C progenitor cells for OFT alignment. 306 We provided evidence that Gata4 acts upstream of Hh-signaling in the SHF for OFT 307 development. The Gata4 −/+ embryos have combined phenotypes of ASD and DORV [57] . 308 We previously reported the Gata4-Hh-signaling regulation in atrial septation and identified Acknowledgements 399 We would specifically like to acknowledge the support of Dr. Boon Chew for the study. 
